Introduction Purpose and Scope
This study was designed to test the hypothesis that a well-developed conceptual model of the geologic and structural characteristics of an area can be used to help evaluate the hydrology and hydrochemistry of that area. The geologic model for the Osgood Mountains, described in detail below, accounts for the orientations of fractures observed in the granodiorite bedrock. The combined network of northwest-, northeast-, and east-trending fractures should comprise a regional flow network, with local flow (at the scale of meters to perhaps hundreds of meters) conducted by single fractures or sets of fractures. Water samples were collected in an attempt to evaluate the roles that individual fractures or fracture sets may play in the local and regional hydrologic regime. Although most of our samples were collected from streams, a number of springs were sampled as well as one artesian well. During our sampling trips, we walked along the major streams in the area, monitoring field parameters such as conductivity and pH, and collecting samples when changes were observed; we also measured the hydraulic head of hyporheic water (Wanty and Winter, 2000) to evaluate the hydraulic relationships between surface water and ground water. Using the hydrologic and chemical results, we can evaluate flow systems at a variety of spatial scales.
Physical Geography
The Osgood Mountains in north-central Nevada include two large granodioritic intrusive-rock bodies, which form the eastern half of the range (Hotz and Willden, 1964) . Elevations in the valley bottom are approximately 1,500 m above sea level, and the elevation of Adam Peak, the highest point in the range, is 2,625 m. Slopes are generally steep and rocky, with only thin soil development ( fig. 1) .
The average annual rainfall in Winnemucca, Nev., approximately 40 km southwest of the Osgoods, is 20 cm; that for Golconda, approximately 30 km south, is 18 cm. Both of these weather stations are located in valleys, well below the elevation of the Osgood Mountains where a slightly higher precipitation is expected. Potential evaporation in the area varies from < 600 mm to 1,800 mm per year (Shevenell, 1996) . As a result, the vegetative cover is limited to sparse cover with grasses and short shrubs, with trees and taller shrubs confined to riparian zones (Bailey, 1995 (Bailey, , 1998 .
Geology
The Osgood Mountains intrusive rocks were emplaced about 95 m.y. ago (B.R. Berger and L. Snee, oral commun., 2002) under regional tectonic stresses dominated by compression, the maximum principal stress axis (σ 1 ) of which was parallel to Earth's surface and oriented slightly east of north. Under these tectonic conditions, long strike-slip faults (kilometers to tens of kilometers) developed, with an azimuth of approximately 330°.There are three such faults in the field area, shown on figure 2. These faults are the major bounding structures for the Osgood Mountains stock. The Getchell fault, one of the bounding structures, forms the northeast edge of the northern intrusive body and controls gold mineralization in the Getchell mine in Paleozoic sedimentary rocks near their contact with granodiorite. The Osgood Creek fault is shown as a dashed line ( fig. 2 ) between the two intrusive rock bodies. The southernmost bounding fault is not observed in outcrop but is inferred by a pervasive alteration zone parallel to Granite Creek, observed by Neuerberg (1966) as a zone of sulfide mineral enrichment in the stock.
As displacement occurred along the strike-slip faults, they interacted mechanically where they overlap. As a consequence, displacement on the strike-slip faults was partially accommodated through extension between them, thereby resulting in the development of two extensional stepovers, or pull-apart structures, between them. The extensional sidewall faults of the pull-aparts strike N. 45° E. (±15°). The two lobes of the Osgood Mountains stock were emplaced into the two pull-apart structures and accommodated extensional strain between the master strike-slip faults. In this structural model, regional compression formed a container for present-day regional fluid flow, the details of which are related to the compartmentalization of permeability imposed on the area during strike-slip transtensional tectonics.
Due to the oblique angle of convergence of the North American and Pacific tectonic plates during the Late Cretaceous, northwest-striking strike-slip faults in what is now the Great Basin had a right-lateral sense of displacement. Ideally, north-to north-northeast-striking faults would accommodate extension and northeast-striking faults would accommodate antithetic shear. Slip indicators observed within the Osgood Mountains stock are consistent with this model. However, the north-northeast to northeast strikes of normal faults along the margins of the two lobes of the stock imply that extensional strain was accommodated heterogeneously, and the differing shapes of the lobes reflect different responses to local mechanical conditions. We suggest that this heterogeneity in strain accommodation is in part a reflection of some left-lateral slip being accommodated on east-west-striking fractures that, in turn, led to northeast-striking extension. Kinematic indicators of slip within the stock were recorded in the field and are shown in figure 2. The transverse set of fractures and dikes is oriented N. 90° E. (±15°). Thus, the fracture network consists of two predominant sets of shear fractures and a range of extensional fractures that resulted from the far-and near-field stresses acting on intrusive rocks at the time of emplacement and one set of antecedent, basement shear fractures that were reactivated during the Late Cretaceous. Each of these fracture sets now provides pathways for present-day ground-water flow and for interactions between ground and surface water.
Methods

Field Methods
Water samples were collected in the field in June and September of 1999 and in June of 2000. In the latter two sampling trips, sites that were sampled in the first trip were resampled to evaluate the degree of change of the overall system and to give some idea of whether the results from each trip could be directly compared. In 1999, 21 samples were collected from streams and springs; in 2000, 24 samples were collected. Of the sites sampled in 2000, five were repeat visits to previous sampling sites.
Field sampling methods included geochemical and hydrologic techniques. At each sampling site, measurements were made for temperature, specific conductivity, and pH of the water using methods cited in Wood (1976) . The pH of each sample was measured using a portable pH meter with automatic temperature compensation. The pH meter was calibrated each morning using three standard buffers, with nominal pH values of 7.00, 4.01, and 10.00 at 25°C. Calibration slopes were always within 5 percent of ideal Nernstian behavior. At each subsequent stop during the day, the pH calibration was checked by measuring the pH of one of the standard buffers. Resulting values were always within ±0.05 pH units of the accepted value. The accuracy of each sample pH measurement is probably also within this range. Temperature was measured using a NIST-traceable electronic thermistor, accurate to within ±0.1°C. The stainless steel housing of the temperature sensor allowed temperature measurements to be made in the stream itself, as well as in the streambed by inserting the sensor into the bed. In most cases, temperature differences of several degrees Celsius were observed. Specific conductivity (SpC) was measured using a portable temperature-compensated probe, sensitive to within ±10 microsiemens per centimeter (µS/cm) and accurate to within ±20 µS/cm.
Field analyses also were conducted for Fe 2+ and dissolved oxygen (DO) using colorimetric methods developed by Chemetrics, Inc. In both cases, measurements were made by breaking the tip off an evacuated ampoule that had reagents sealed inside. When the tip was broken, sample was rapidly drawn into the ampoule, mixing with the reagents. Analytical determinations were made by comparison to standards sealed in similar ampoules or by comparison to a printed color chart. Between 0.1 and 1 mg/L, ferrous iron was determined with an accuracy of ±0.1 mg/L. Between 1 and 10 mg/L, the accuracy was ±1 mg/L. Dissolved oxygen was determined to a minimum level of 1 mg/L, with an accuracy of ±1 mg/L.
Samples were collected in the field for later laboratory analyses for major and trace cations, anions, alkalinity, and mercury. Anion samples were filtered through 0.45-µm-nominal-pore-diameter cellulose acetate filters and refrigerated with no further treatment. Cation samples were filtered through the same 0.45-µm filter and acidified by adding 0.5 mL of concentrated ultra high purity nitric acid to each 30-mL sample. Samples for alkalinity analyses were collected by filling a 125-mL bottle, without filtering or acidification and refrigerating. Mercury samples were filtered with the same 0.45-µm filter into a 60-mL glass bottle. The bottles for mercury analyses were acid washed prior to sampling, and mercury was preserved with a solution of nitric acid and sodium dichromate (O'Leary and others, 1996) . For sulfur isotopes, samples were collected into 1-L high-density polyethylene bottles and refrigerated. The samples were filtered through 0.45-µm filters within 2 weeks of sample collection. For every sample type except alkalinity, field blanks were collected using deionized water that was brought from the laboratory and treated as a sample in the field. This procedure helped assure the purity of reagents used for sample preservation, as well as assuring that the samples were not contaminated. In every case, analyses of the field blanks showed below detection concentrations for all constituents.
Laboratory Methods
Upon completion of field work, samples were transported back to USGS laboratories in Denver, Colo. Anion and alkalinity samples were kept cool during transport in insulated containers. Cation analyses were performed by inductively coupled plasma, atomic emission spectroscopy (ICP-AES) (Briggs, 1996) and by ICP-mass spectrometry (ICP-MS) (Lamothe and others, 1996) . The ICP-AES results are preferred for major cations (Mg, Ca, Na, K) and Fe, Al, and Si. The ICP-MS results are preferred for all other constituents, including first-and second-row transition elements, rare earth elements, some actinides, etc. All results are reported in the data tables accompanying this report.
Anion analyses were conducted on a Dionex DX-500 ion chromatography (IC) system. The chromatography columns used were the AG-14 and AS-14 guard and separator columns, with a CO 3 /HCO 3 eluent. Using this method, good analytical separations were made for fluoride, chloride, nitrate, phosphate, and sulfate. The IC was calibrated each day with a minimum of six standards. The accuracy and precision of the IC was checked by running standards as unknowns in at least 10 percent of the IC runs and by running duplicate analyses of 5 to 10 percent of all samples.
Alkalinity was determined by titrating a 50-mL aliquot of sample with standardized sulfuric acid (Papp and others, 1996 ). An Orion model 960 automatic titrator was used for these analyses. This instrument includes a 15-sample carousel in which to load samples and standards. For each set of 15 analyses, at least two standards were run to check for accuracy and precision.
Samples collected for mercury analyses were filtered in the field through 0.45-µm filters and stored in glass bottles that had been previously washed with nitric acid and dried. The samples were preserved with a mixture of nitric acid and sodium dichromate (O'Leary and others, 1996) . Total mercury in these waters was determined using a cold vapor flow injection-atomic fluorescence spectrometry method modified from the method as given in O' Leary and others (1996) 
Results and Discussion
Results of field analyses are shown in table 1, including locations as determined by global positioning system (GPS). Laboratory results are shown in tables 2 (anions by IC) and 3 (cations by ICP-AES and ICP-MS). Results of isotopic analyses are shown in table 4 The sampling strategy employed in this study is amenable to evaluating spatial as well as some temporal variations of the Osgood Mountains hydrogeologic system. Evaluation of temporal variations is mostly limited to direct comparison of results of repeated sampling at selected individual sites, whereas the evaluation of spatial variations can be made at scales ranging from several kilometers to several meters. Table 5 shows the direct comparisons of data for consecutive years for the same sample site. Five sites that were sampled in 1999 were resampled in 2000. Table 5 is displayed in three parts: the first shows selected field parameters and anion data; the second shows selected ICP-MS analytical results; and the third part shows ICP-MS results normalized to chloride. This latter operation was performed to evaluate whether variations between the 2 years worth of sampling can be attributed to evaporation, or if some other process(es) must have occurred. For each parameter from each pair of samples, the difference from 1999 to 2000 is calculated as the difference between the two numbers divided by their mean. For the most part, the differences are less than 25 percent, which is a reasonable threshold above which the differences are unlikely to be due simply to analytical error. As seen in table 5, the parameters whose differences exceed 25 percent are not systematic throughout the range of results for a sample pair, nor do they differ in the same direction (i.e., some parameters increased while others decreased from 1999 to 2000).
Temporal Variability
When normalizing to chloride, the observations are substantially the same-the differences are not systematic and not in the same direction. Another observation is that, with only a few exceptions, the major cations (Ca, Mg, Na, and K) and anions (F, Cl, and SO 4 ) are within 25-percent variation. There
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ANION DATA AND SELECTED FIELD PARAMETERS
The variations between 1999 and 2000 sample sites are small relative to the variations in parameters observed throughout the Osgood Mountains study area, so the full data set from the two sampling years can be interpreted as one, and major variations in water chemistry between sample sites are likely due to processes other than those brought about by temporal variations. Figure 3 shows the study area in the Osgood Mountains. Sample locations from the two sampling trips are shown on the figure. By comparing the chemical and hydrologic variations throughout the study area, we can follow processes occurring at a variety of spatial scales. The following discussion is organized by extent of spatial scale and keyed to locations marked A through E on the map (fig 3) .
Spatial Variability
Variations at Tens of Kilometers
Although there were no obvious compositional differences in the intrusive rocks between the two lobes of the stock, there appears to be a compositional and isotopic difference in spring and stream waters collected from the south vs. the north lobe. More dilute waters with isotopically lighter sulfatesulfur were found in the southern lobe, and somewhat more concentrated waters with heavier, more variable sulfate-sulfur isotopic compositions were found in the northern lobe. Figure  4 shows this relationship, using sulfate-sulfur isotope compositions as an example. Similar variations were observed in the aqueous concentrations of a number of trace metals as well. This separation is readily apparent at a sample density of 2 per square kilometer, but it is still apparent at average sample densities slightly below 1 per square kilometer. This trend is likely due to subtle lithochemical variations in the Osgood intrusive rocks.
Variations at Hundreds to Thousands of Meters
Between points A and B along Granite Creek ( fig. 3 ), changes were observed in the chemistry of surface water. Upstream, near point A, conductivity values were less than or equal to 210 µS/cm. By the time Granite Creek reached point B, conductivity increased to 240 µS/cm and flow increased by more than five times. The creek follows an alteration zone that is defined by an abundance of sulfide (and other) minerals in the rocks (Neuerberg, 1966) . No tributaries to Granite Creek exist other than those shown on the figure, so any chemical changes from A to B must be explained by mixing of upstream samples at A with ground-water discharge to produce the observed chemistry at B. The small tributaries near A were more dilute than the main stream at A and do not account for the increase in solute load from A to B. Therefore, the observed changes (more than double) in the concentrations of Cl, B, K, Ba, Mg, Na, Sr, Mo, W, U, and Mn can be attributed to weathering of altered rocks in the ground-water environment and discharge of that ground water to Granite Creek. Ground water discharging along this several-kilometer reach of stream should reflect the chemical signature of rock alteration. The alteration is characterized by sulfide minerals (mostly pyrite) as well as enrichments of gold (Neuerberg, 1966) , but dissolved sulfate does not increase along Granite Creek from point A to B. It is possible that other minerals are dissolving more rapidly than the sulfides and contributing the elements listed above to Granite Creek, or perhaps the exposed sulfide minerals have already been weathered and the listed elements are derived from minerals that dissolve more slowly. Either way, it is somewhat surprising that dissolved sulfate does not increase along Granite Creek. Because Granite Creek follows a mapped alteration zone (Neuerberg, 1966) , which is in turn related to a bounding strike-slip fault, it is inferred that the structure is hydraulically conductive.
The spring sample collected at point E in the northern lobe of granodiorite ( fig. 3 ) is unusual from a geomorphological point of view. The spring is located on a ridge crest, rather than in a valley. The localization of the spring along the ridge is controlled by a zone of east-west-trending fractures in the rock that extend to the west for at least several kilometers. Although these fractures are obviously hydraulically conductive, their connection to crosscutting fractures in the area must be limited, or else the spring would not be found on a ridge top.
Variations at Meters to Tens of Meters
The fault at point C ( fig. 3) is one of the principal bounding faults for Osgood Mountains intrusive rocks. In today's stress regime, it is also expected to be a hydraulically conductive fracture set because it is oriented subparallel to the present-day maximum principal stress direction as shown by Zoback and others (1990) . The fault is regionally extensive (many kilometers), but the hydrologic effects on Osgood Creek are localized within a very narrow zone. As Osgood Creek crossed the fault, flow increased by more than a factor of 30, and specific conductivity decreased from more than 300 µS/cm to about 250 µS/cm. Ground-water discharge from the fault provided water to Osgood Creek that was more dilute than the headwaters.
There were two springs at point D ( fig. 3 ), approximately 20 m apart from each other. Despite their proximity to each other, one had a conductivity of 120 µS/cm, whereas the other had a conductivity of 280 µS/cm. Because of the thin soil cover, ground-water flow is predominantly in bedrock, and the locations of these springs are likely structurally controlled. The difference in water chemistry between these two adjacent springs is attributed either to differences in residence times of the spring waters in the ground or to local variations in lithochemistry along different ground-water flow paths. Regardless of their cause, these chemical differences demonstrate the compartmentalization of flow by unconnected fracture sets.
Conclusions
The average sample density in the Osgood Mountains study area was approximately 2 per square kilometer. Many of these samples were collected while walking along the drainages and monitoring conductivity and temperature, and measuring hydraulic heads of ground water beneath streambeds using a device described by Wanty and Winter (2000) . At the same time, geologists were nearby observing fracture orientation, density, and kinematic indicators (if any). The continuous interaction between geologists and chemists led to many of the observations described in this paper. With little prior knowledge of the hydrology of the Osgood Mountains, we collected several important pieces of data that will help unravel the hydrology and chemistry of ground and surface waters in the region. Many of the features described in this paper would have been missed without a geologic context or perhaps with a less dense sampling pattern. It should be noted, however, that the sample density was not predetermined. Rather, samples were collected based on observations of geologic, hydrologic, and geochemical parameters as field work progressed. This approach, even though somewhat more time consuming than traditional methods of surface-water investigations, is needed to fully characterize the ground-water/surface-water flow systems.
